We have developed a tunable source of Mie scale microdroplet aerosols that can be used for the generation of energetic ions. To demonstrate this potential, a terawatt Ti: Al 2 O 3 laser focused to 2 ϫ 10 19 W / cm 2 was used to irradiate heavy water ͑D 2 O͒ aerosols composed of micron-scale droplets. Energetic deuterium ions, which were generated in the laser-droplet interaction, produced deuterium-deuterium fusion with approximately 2 ϫ 10 3 fusion neutrons measured per joule of incident laser energy.
I. INTRODUCTION
A source capable of producing energetic ions has application in medical imaging techniques such as positron emission tomography scans, 1 plasma imaging, 2, 3 and the production of fusion. [4] [5] [6] Laser-heated materials have often been used as a source for energetic ions, employing many target geometries and materials. Irradiation of thin films using short pulse lasers at intensities of 10 19 W / cm 2 has resulted in the creation of ions with energies in the 5 MeV range, 7, 8 however these films create significant debris when irradiated, which can be problematic. Atomic cluster targets have also been studied and shown to efficiently absorb laser energy ͑nearly 100%͒, produce hot ions ͓1-100 keV ͑Ref. 9͔͒, yield 10 5 fusion neutrons per incident joule of laser energy, 4,10 and they have the benefit of being nearly debris free. Ultimately, however, because the clusters are limited to small dimension ͑Յ100 Å͒, they produce ions with a relatively low peak energy.
Motivated by the success of laser-cluster interactions in producing energetic ions and hoping to improve upon it, recent work has focused on laser-droplet interactions. The larger fluid droplets have the potential to produce more energetic ions ͑ϳ1 MeV͒ than can the clusters ͑ϳ1 -100 keV͒. Karsch et al. 5 and Ter-Avetisyan et al. 6 have irradiated droplets of 15 m and 150 nm size to produce MeV ions and, in the latter case, demonstrated fusion. A gas jet was used to produce an aerosol containing the 150 nm droplets. 11 Irradiation with high intensity ͑10 19 W / cm 2 ͒ laser pulses leads to the production of 10 4 fusion neutrons per incident Joule of laser energy. These are relatively high neutron yields and demonstrate the expected increase in reaction probability compared to the smaller cluster targets.
However, this work 5,6,11 straddles the Mie regime of the laser-matter interaction, where the target size is on the order of the wavelength. It has been well established 12 that for Mie sized targets, a hot ion population is produced with energies of up to 1-2 MeV. Furthermore, studies of hard x-ray yield by irradiation of Mie size targets have shown that Mie effects can enhance hot electron number and temperature, 13, 14 indicating a more efficient coupling of laser energy into the target when the appropriate size is used. The increase in coupling efficiency is thought to be due to Mie-like resonances in the field surrounding the target and therefore results in a highly anisotropic generation of hot ions. 12 Indeed, the previous work on the irradiation of microdroplets outside of the Mie regime has not shown the significant spatial anisotropies visible in the Mie regime. 5, 6, [15] [16] [17] For an appropriately designed micron-scale target, the Mie field enhancements may provide a means of maximizing ion energies and therefore fusion yield. The current method for producing these targets relies on a specially designed gas jet nozzle so that it is difficult to tune the droplet size in order to harness the expected ion energy increase in the Mie regime. Due to the limitations of the gas jet approach, a more tunable source is needed.
To overcome this limitation, we have built a uniquely flexible device that uses ultrasonic atomization to produce a dense aerosol of microdroplet laser targets of varying size. 18, 19 We have used this device in a set of experiments which demonstrate that this technique is a viable option for producing energetic ions and deuterium-deuterium ͑D-D͒ fusion. While our fusion neutron yield ͑2 ϫ 10 3 neutrons per joule of laser energy͒ does not improve on existing results from gas clusters and other aerosols, the flexibility of ultrasonic atomization promises the ability to continuously adjust the target size in order to experimentally map the role of Mie-like resonances in ion acceleration and ultimately improve the fusion process.
II. AEROSOL GENERATION VIA ULTRASONIC ATOMIZATION
The microdroplets are generated via ultrasonic atomization. A piezoelectric transducer is placed in the bottom of a heavy water bath and is driven by a sinusoidal signal ͑Fig. 1͒. This creates a capillary wave pattern on the surface of the bath that is a function of the driving frequency and the fluid parameters. The dispersion relation for these waves is given by the Kelvin equation Ј 2 = k 3 / , 20 where Ј is the capillary wave frequency and k =2 / is the wave number. The parameters and are the surface tension and density of the fluid, respectively.
Heuristically, we should expect the diameter d of the ejected droplets to be on the order of the wavelength of the capillary wave at the fluid surface so that d = c. The proportionality constant c has been experimentally measured to be c = 0.34 ͑Ref. 21͒ over a wide range of excitation frequencies, including verification in our regime. 18, 19 Using this assumption, combined with the fact that the frequency of the capillary waves generated on the surface of the fluid is generally related to the driving frequency by Ј = / 2, 22 we may write the ejected droplet radius as a function of excitation frequency as
By exciting the water bath with transducers of varying , a droplet radius range of 0.2-10 m may be achieved. By varying the driving frequency ͑͒ of the transducer, ultrasonic atomization promises the ability to create a wide range of droplet sizes. While the inherent tunability promises the ability to significantly explore Mie regime targets, the technique, for water, becomes fundamentally limited at excitation frequencies on the order of 30 MHz, which corresponds to a smallest possible droplet radius of 0.2 m. The limitation of this technique can be seen by consideration of the p-wave ͑sound wave͒ attenuation length ⌳ in water, which may be written in terms of the excitation frequency as 20
where is the density of water, c p is the speed of sound in water, and and are the viscosity and second viscosity of water. This assumes the standard values = 1000 kg/ m 3 , c p = 1500 m / s, and = 2.4 = 2.4ϫ 10 −3 Pa s. 23 For a 30 MHz driving frequency, this implies an attenuation length of ⌳ = 2.5 cm. At these length scales, the technique becomes impracticable due to input power requirements, setting a lower bound on the droplet size realizable through ultrasonic atomization. In principle, with excitation frequencies from 10 kHz to 30 MHz, the creation of microdroplet targets is well suited for exploring the efficient coupling of laser energy into ions for targets ranging in radius from 0.2-10 m.
For the purposes of this particular experiment, we use piezoelectrics with driving frequencies of 6-12 MHz to create droplets with mean radii of 0.5 m.
III. DROPLET SIZING TECHNIQUE
The aerosol size distribution was measured using Mie scattering. Our methods and results are described more fully in Ref. 24 . A 1 W argon ion laser operating at 488 nm is directed through the aerosol and an angular intensity profile is measured. The input signal is chopped and detected through a lock-in amplifier and then normalized to a reference detector to account for fluctuations in mist density and laser intensity.
The droplet size is assumed to be in a log-normal distribution. Thus the data are fit not for one size but for a mean size and variance. Example distributions, fit to angular scattering data, may be found in Fig. 2 was generated by a piezoelectric driven at 6.6 MHz, which was the one used for fusion studies. For comparison, the measured distribution from a 2 MHz oscillator, and a simulated distribution for a 30 MHz oscillator are also presented. These distributions span the range of Mie size targets for an 800 nm laser. While we were not able to obtain oscillators at frequencies of greater than 12 MHz, they may be constructed at frequencies of up to 30 MHz.
IV. FUSION EXPERIMENT
To demonstrate the utility of our device as a means of creating energetic ions, we irradiate our microdroplet heavy water aerosol with a high-intensity laser to initiate D-D fusion. The target aerosol is generated in a vacuum sealed chamber at 100 torr ͑Fig. 1͒. The chamber has a high frequency piezoelectric oscillator mounted in the bottom, is filled with a few centimeters of D 2 O, and generates droplets via ultrasonic atomization. The pressure in the droplet chamber is actively controlled by a vacuum regulator that injects CD 4 gas as necessary to maintain the operating pressure. CD 4 is used both as a carrier gas and to provide additional fusion targets. No fusion neutrons are generated when the CD 4 gas is irradiated without D 2 O droplets present, indicating that under these conditions the CD 4 does not cluster and act as a source of energetic ions.
The droplet chamber is coupled to the target chamber, which is held at an operating pressure of 5 ϫ 10 −5 torr ͑Fig. 3͒. The two chambers are connected via a vacuum sealed solenoid valve. The valve was opened for 20 ms to allow the aerosol to flow from the relative high pressure of the mist chamber to the lower pressure of the vacuum chamber. This valve was opened 80 ms before the laser pulse arrived, allowing this mist to travel the span of 1.2 m to reach the focal point in the targeting chamber. In selecting a solenoid valve, it is important to choose a high flow rate system ͑C v ϳ 0.2͒ to avoid droplet coalescence. At lower flow rates, it was found that moisture was deposited in the valve and eventually froze. Due to the long opening time of the solenoid valve, the system has a maximum repetition rate of about one shot every minute. To improve this rate, a differential pumping system might be employed to quickly remove excess fluid and increase the overall repetition rate of the system. 25 A laser pulse is focused on the aerosol to produce fusion events. We use the 10 TW Texas high-intensity optical research ͑THOR͒ Ti: Al 2 O 3 laser, which delivers 0.6 J, 35 fs pulses. The laser is focused using an f / 2.7 off-axis parabolic mirror to achieve an intensity of approximately 2 ϫ 10 19 W / cm 2 at focus. 26 Similar experimental geometries have previously yielded ions, which are accelerated from the plasma 12 in the MeV range. [15] [16] [17] The MeV ions that are generated as described above are accelerated outwards and collide with fluid deuterium targets. The familiar deuterium fusion reactions D + D → He 3 + n, ͑3͒
can occur. Isospin invariance implies that the first reaction must occur 50% of the time, therefore by measuring neutrons we can accurately calculate the total number of fusion reactions that occurred through both channels. A neutron detector was placed 112.5 cm from the target chamber and held at a bias voltage of Ϫ1800 V. The detector consists of a circular plastic scintillator head with a diameter of 12.7 cm, a thickness of 9 cm, and a Photonis XP4512 photomultiplier tube base. The detector is shielded with approximately 10 cm of lead to attenuate the sizable x-ray pulse created when the droplets are irradiated. 13
V. RESULTS
A sample signal from the neutron detector is given in Fig. 4 . The first, larger dip is the hard x-ray pulse created from the rapid acceleration of electrons during the droplet ionization process. The second dip, near 120 ns, represents the arrival of a single neutron. The expected neutron time of arrival may be calculated kinematically from the 2.45 MeV neutron energy and the distance between the detectors and the reaction chamber.
For the six laser shots we observed neutrons, the average signal to noise ratio was 14.0. Unlike the signal shown in Fig. 4 , the signal displayed in Fig. 5 exhibited significant ringing after the arrival of the x-ray pulse. In order to determine the background signal in these cases, a discrete Fourier transform of the data was taken and the frequency components that correspond to the ringing were removed. This allowed for a better estimate of the background noise, as shown in Fig. 5 .
Neutrons were detected on approximately 25% of the laser shots. There were no clear multiple neutron events, however it is difficult to conclude with certainty that no double neutron events were observed because of the sparse statistics and noise from hard x-rays. We assume in our analysis that only single neutrons were detected, and thus calculate a lower bound on the neutron yield of our device. 
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gives an excellent approximation of the probability of detecting k neutrons. It is fairly straightforward to show that the constant is given by = SN / ͑4͒, where S is the solid angle subtended by the detector measured in steradians and N is the total number of neutrons. Since only single neutrons were detected, we may use the fact that P 1 ϳ 0.25 to estimate N ϳ 450.
We may now calculate the probability of detecting two neutrons to be P 2 = 0.04. The probability of observing only single neutrons is then ͑1− P 2 ͒ 25 ϳ 35%. This suggests that our assumption that no double neutron events were recorded gives a plausible lower bound of the neutron yield.
Additionally, it should be noted that we have thus far assumed 100% detector efficiency. Taking into account the mean free path of neutrons in the detector and neutron attenuation due to the lead shielding, 28, 29 a safe estimate of the detector efficiency is 40%, implying a corrected neutron yield on the order of 1100 neutrons per shot, or 2200 neutrons per incident joule of laser energy. This figure is comparable to the neutron yields found in previous work with similarly sized targets. 5, 6 We consider the quoted neutron yield of 2 ϫ 10 3 neutrons per incident joule of laser energy to be an appropriately conservative estimate of the neutron yields available from this device, but more work is needed to thoroughly characterize the fusion, as well as explore its dependence on droplet size.
VI. SUMMARY
We use ultrasonic atomization to produce a tunable, Mie size microdroplet aerosol. This aerosol, composed of 0.5 m heavy water droplets, is irradiated with a short-pulse ͑35 fs͒ laser at intensities of 10 19 W / cm 2 to produce energetic ions and D-D fusion. Fusion neutrons are observed on 25% of laser shots, implying a yield of approximately FIG. 4 . A sample neutron signal. The neutron arrives close to the expected time of 50 ns after the x-ray pulse. The time of arrival is measured as the difference between the leading edge of each pulse to take into account variations in detector response due to saturation. A natural spread of approximately 10 ns may be observed due to neutron scattering, which is typical of D-D laser-driven fusion studies ͑Ref. 27͒.
FIG. 5. Using a FFT, frequency components corresponding to detector ringing were removed to give a more accurate estimate of the background noise near the neutron signal. The lighter signal is the original, with the transformed signal overlaid and bolded. The neutron arrives almost exactly at the expected time.
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Rev. Sci. Instrum. 80, 063503 ͑2009͒ 2 ϫ 10 3 fusion neutrons per incident joule of laser energy, assuming an isotropic neutron distribution. The ultrasonic atomization technique promises the ability to generate even smaller deuterium droplet targets that can be used to exploit Mie enhancements of the field, and presumably increase fusion yield.
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